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Abstract: Nanostructuring hard optical crystals has so far been exclusively feasible at their 
surface, as stress induced crack formation and propagation has rendered high precision volume 
processes ineffective. We show that the inner chemical etching reactivity of a crystal can be 
enhanced at the nanoscale by more than five orders of magnitude by means of direct laser writing. 
The process allows to produce cm-scale arbitrary three-dimensional nanostructures with 100 nm 
feature sizes inside large crystals in absence of brittle fracture. To showcase the unique potential 
of the technique, we fabricate photonic structures such as sub-wavelength diffraction gratings and 
nanostructured optical waveguides capable of sustaining sub-wavelength propagating modes 
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inside yttrium aluminum garnet crystals. This technique could enable the transfer of concepts from 
nanophotonics to the fields of solid state lasers and crystal optics. 
Main Text: The optical properties of a material are known to depend not only on its chemistry but 
also on its sub-wavelength structure. With the inception of the photonic crystal (1, 2) and 
metamaterial (3, 4) concepts this idea proved to be key to access a new level of light manipulation 
beyond what is allowed by the natural optical properties of materials. However, for over three 
decades of research no technique has been able to reliably nanostructure optical crystals beyond 
their surface. 
Laser lithography as developed by the semiconductor industry is an intrinsic surface processing 
technique where a photoresist is two-dimensionally (2D) nanostructured with UV light, and, 
followed by various subtractive and additive processes, enables the mass production of high-
quality nanophotonic planar devices (5, 6). Its extension from 2D to 3D was demonstrated two 
decades ago by means of infrared femtosecond laser pulses to introduce multiphoton absorption at 
the resist photo-polymerization step (7). This approach prompted seminal demonstrations of 
lithographically produced 3D photonic crystals for the optical range, first made of pure 
polymerized material (8-10), and later transferred to silicon and other optical materials by means 
of further processing steps (11, 12). The technological exploitation of photo-polymerized 
structures has however proven to be impractical since they cannot be efficiently interfaced with 
other photonic elements. A remarkable example of the potential of 3D nanostructuring of 
macroscopic optical materials comes from the field of optical fibers: photonic crystal fibers have 
delivered functionalities that go far beyond what is feasible with ordinary unstructured glass (13, 
14) and have revolutionized the areas of nonlinear optics and optical communications (15-17). Yet, 
their manufacturing in crystalline media has remained elusive due to the difficulty of applying 
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stack and drawing techniques with crystals. The prospects of directly machining 3D nanostructures 
by laser-induced dielectric breakdown also led to reports that amorphous and void sub-micron 
structures can be induced in crystals, although at the cost of imparting high pressure waves which 
entail extended lattice damage and crack propagation (18, 19). Despite efforts, no method has been 
reported for the large scale 3D volume nanostructuring of a crystal. 
Departing from prevailing approaches, we propose that the inner chemical reactivity of a crystal, 
given by its wet etch rate, can be locally modified at the nanometer scale by means of multiphoton 
3D laser writing (3DLW) in absence of amorphization and crack formation. We show that cm-
long empty pore lattices with arbitrary feature sizes at the 100-nm level can be created inside some 
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of the most used crystals in the laser industry (yttrium aluminum garnet and sapphire), in absence 
of brittle fracture. An etching selectivity larger than 105, never observed before in a photo-
irradiated material, is achieved between the modified and pristine crystalline states. This allows 
the design and fabrication of nanophotonic elements inside a crystal that provide optical responses 
determined by their sub-wavelength structure. 
To achieve volume nanostructuring of crystals at large scale it is necessary to arrange nanopores 
in arbitrary close-packed structures for macroscopic lengths (mm to cm scale) without causing 
brittle fracture of the crystal due to excessive stress accumulation. In addition, pores have to be 
written in arbitrary directions, their size must be controlled with at least ~10 nm reproducibility to 
achieve functional nanophotonic devices, and the pore cross-sectional shape must be tailorable. 
We show that all these features (pore direction, size, shape, filling fraction, and length) can be 
controlled by combining 3DLW and wet etching of YAG crystal. Figure 1 summarizes the 
controlled creation of nanopore lattices in YAG crystals. No dependence on the crystalline axis 
was found for the pore size and wet etching rate within our experimental resolution (20), so an 
arbitrary reference frame is set where x and y axes define the pore’s cross sectional plane, and z is 
defined along the pore length axis. Figure 1A shows a 1 mm long lattice of nanopores arranged in 
centered orthogonal symmetry with 1 µm in-plane spacing. The lattice was etched for 120 h (20), 
and the average pore size was of 257 ±7 nm and 454 ±13 nm in x and y directions, respectively. 
Control over the pore shape and size can be performed by tailoring the laser power and polarization 
(see Fig. S1), but to achieve bespoke pore shapes for constant laser power the overlapping of pores 
was also tested. Figure 1B shows an array of parallel pores which were vertically stacked so as to 
achieve arbitrarily elongated cross-sections. Pores in this experiment were etched for 2h and had 
an average size of 131 ±5 nm and 1300 ±35 nm along the x and y axes, respectively. The etching 
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of crossing pores along different directions was also studied to prove the 3D nature of the 
lithographic process. Figure S2 shows pores that crisscross at 90º angles and at different relative 
depths within the crystal. 
The creation of air pores photonic lattices makes it possible to achieve nanophotonic structures 
inside the crystal with a spatial resolution equivalent to state-of-the-art multiphoton polymerization 
lithography (21). However, the use of nanophotonic devices in practical scenarios requires robust 
and efficient optical interconnections and capability for the design of large complex circuits. To 
achieve this, it is essential to keep the spatial resolution and lattice fidelity across large areas on 
the mm2 scale or beyond. The critical parameter that limits such control over the pores lengths is 
the differential etching rate between the photo-modified written volumes and the surrounding 
pristine crystal. Figure 1C shows a top view optical microscope image of an array of 200 nm 
nanopores etched for 1h. The large refractive index contrast between air and crystal allow to 
determine a pore length of ~129 µm and thus an averaged nanopore etch rate of 129 ±6.8 µm/h for 
the first hour of etching. The slow etching rate of un-modified YAG was determined to be <1 nm/h 
(0.36 ±0.23 nm/h) from the average of all performed experiments in our wet etching conditions 
(20). The 1h average etching selectivity of 3DLW YAG nanopores is thus determined to be greater 
than 105, the highest value ever observed for any lithographic process so far, and approximately 
two orders of magnitude higher than that of alumina over silicon (22). Due to this high selectivity, 
nanopores with cross-sections of 368 x 726 nm2 and lengths of 3.1 mm were achieved by etching 
for 170h from both end sides of the pores (see Fig. S3), showing that nanopores with mm-scale 
lengths are feasible in one single etching step. A similar ultrahigh selectivity and mm-scale 
nanopore length was also found for sapphire (20). Furthermore, to homogeneously etch longer 
nanostructures on the cm scale (or potentially beyond), as well as to keep the etching times as short 
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as a few hours, a scheme of vertical access etching pores was implemented, thus allowing the 
achievement of structures with arbitrary length across the whole sample (see Fig. S4). 
 
As shown in Figure 1, the pores cross-sectional aspect ratio can be engineered by means of laser 
control and pore overlapping, however both these processes inevitably lead to larger pore cross-
sections, and for some applications such as the fabrication of photonic crystals and metamaterials 
in the visible and IR ranges, symmetric pores at the 100 nm level are required. A route to 
minimizing both the pore size and cross-sectional aspect ratio (i.e. pore height along y-axis divided 
by width along x-axis) is by performing 3DLW at powers close to the threshold for laser photo-
modification. Under our 3DLW experimental conditions (20) ~110 nm nanopores were obtained 
with almost circular shapes for circularly polarized laser irradiation (see Fig. S1).  Figure 2A shows 
a lattice of 1 mm long nanopores fabricated with decreasing powers towards deeper layers. The 
obtained lattice has a slowly varying pore cross-section with widths ranging from ~139 nm to ~109 
nm, heights from ~204 nm down to ~132 nm, and aspect ratios ranging from ~1.45 to ~1.20 at 
different depths. To test the feasibility of fabricating high filling fraction nanopore lattices without 
fracturing the crystal, hexagonal lattices with lattice spacing down to 250 nm were fabricated. 
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Figure 2B shows a close up of such lattice after etching for 15h, with an air filling fraction of 18%, 
average pore diameter of ~117 nm, aspect ratio of ~1.15, and a dielectric wall thickness of ~133 
nm between pores. This control over the lattice spacing down to 250 nm could prove useful for 
designing 3D photonic band-gap lattices with stopbands ranging from the visible to the mid-IR 
range (23) inside solid state laser crystals such as rare earth ion doped YAG, one of the most used 
laser materials. 
A different route to achieve larger air filling fractions is by etching larger pores. Large air filling 
fraction structures are also essential for tailoring the properties of microstructured optical 
waveguides (MOWs) such as the dispersion, mode size and nonlinear coefficient (13-17). 
Reaching a high air filling fraction inside a crystal requires the fabrication of extended thin 
crystalline nanolayers without crystal fracture. The creation of such lattices was validated by 
fabricating a centered orthogonal lattice with in-plane pore spacing of 700 nm and pore cross-
sections of 276x972 nm2 (see Fig. 2C), having a 44% air pore filling fraction and ~150 nm 
dielectric walls in absence of crack formation even at the surface after mechanical polishing. 
Having established the etching rates and achievable features sizes of the crystalline nanostructures 
inside YAG, we sought to determine whether: (1) the crystal nanopores are indeed void millimeters 
away from the entrant wet etching surface, and (2) functional sub-wavelength nanophotonics 
elements on the large scale can indeed be successfully realized. To test the first question, a 
nanograting with sub-wavelength pitch (700 nm) was fabricated to be tested at 1070 nm 
wavelength (see Fig. 3A). The sub-wavelength grating was designed to have only one -1st 
diffraction order (see inset in Fig. 3B), it was fabricated with 10 different laser powers, so as to 
control the pores cross-sectional shape, and tested in Littrow configuration for the highest 
diffraction efficiency (24). The highest total efficiency of 86% was obtained for the -1th order of 
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the grating that had the larger cross-section of the pores, 165 nm width and 1520 nm height. 
Calculations (20) assuming air filled pores are shown in Fig. 3B, agreeing well with the measured 
values and therefore demonstrating the void nature of the long etched nanopores. 
 
To further evaluate the quality and potential of the crystal 3D nanolithography technique, the 
fabrication of MOWs with different lattice spacings and cavity sizes was studied (see Fig. S5). 
Figure 3C shows a nanostructured waveguide with core size of 1.1 x 1.3 µm2, a triangular 
symmetry cladding with in-plane spacing of 500 nm, an average pore size of 166 x 386 nm2, and 
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a length of 4 mm. Figure 3D shows the theoretical mode at 1550 nm wavelength for vertically 
polarized electric field, as calculated by means of finite element method (FEM). The mode is 
effectively sub-wavelength having a full width at half maximum (FWHM) of ~900 nm (~0.6λ). 
Figure 3E shows the measured diffraction-limited image of the waveguide output mode for vertical 
polarization at 1550 nm. From the FEM computations the MOW is expected to have a modified 
dispersion function with two theoretical zero dispersion wavelengths (ZDW) at 0.93 µm and 1.51 
µm wavelength (see Fig. S6), well below the natural ZDW of YAG at 1.6 µm, which could allow 
for ultrafast nonlinear supercontinuum generation with standard commercial Nd3+ and Yb3+ short 
pulse lasers (15).  
Besides the novel applications on crystalline 3D nanophotonics and nonlinear optics, to which this 
technique gives a large impetus, the 3D structuring of YAG laser crystals also opens up new ways 
to overcome current limitations in the design of compact solid-state rare-earth-doped lasers, such 
as for the integration of traditional cavity elements (e.g. mirrors, dispersion control elements, 
microfluidic cooling channels) directly in the gain media itself with expected improvements in 
compactness, robustness and performance of the devices. The possibility of fabricating large 
nanostructured YAG laser crystals with reduced surface defects due to the wet etching process 
also opens up potential for new applications in ultra-strong deformable laser nanofibers (25-27). 
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Materials and Methods 
 
Sample fabrication 
Commercial yttrium aluminum garnet (YAG) (FOCtek Photonics, Inc) with sizes 20x10x2 
mm3 and crystal orientation <111>, and c-plane <0001> sapphire substrates, were processed by 
means of standard three-dimensional laser writing (3DLW) with an ytterbium mode-locked 
ultrafast fiber laser with 1030 nm wavelength, 350 fs pulse duration, and linear polarization 
(Satsuma, Amplitude Systemes). The laser repetition rate for all the experiments here presented 
was set at 500 kHz, however trials at 1 MHz were found to yield qualitatively equal results, not 
shown here for the sake of brevity. A half-wave plate in combination with a linear polarizer were 
used to control the laser power, and a quarter-wave plate was used to convert linear polarization 
to circular. A 1.4 numerical aperture (NA) oil-immersion Olympus objective was used to tightly 
focus the laser pulses inside the crystals. The working distance of the used objective was of 0.15 
mm which limits to around 0.2 mm the maximum depth at which the material can be processed 
considering the refractive index of the crystal. Three dimensional nanopositioning of the sample 
was done by means of computer controlled XYZ linear stages (ANT-series, Aerotech, Inc). Line 
scanning speeds were always of 1 mm/s (2 mm/s in the case of 1 MHz repetition rate). 
After laser irradiation, crystals were laterally polished to expose irradiated structures and 
perform wet chemical etching. YAG crystals were etched in phosphoric acid 44 wt.% solution in 
deionized water. Etching was performed in a magnetic stirrer with a digital ceramic heating plate 
at 350 K (IKA C-MAG HS 4). Sapphire crystals were etched in 20 wt.% HF solution in deionized 
water, at 308 K in ultrasonic bath. After etching, samples were cleaned in three consecutive 
ultrasonic baths with deionized water, acetone, and methanol, respectively. In the case of YAG, 
no dependence on the crystalline axis was found for the pore size and wet etching rate within our 
experimental resolution, so an arbitrary reference frame was set where x and y axes define the 
pore’s cross-sectional plane, and z defines the pore length axis. Writing laser direction was along 
-y axis in all figures. In the case of sapphire, only one laser fabrication experiment was performed 
with pores within the <0001> c-plane at an arbitrary direction. 
Sample characterization 
Back-scattered scanning electron microscopy (BSD-SEM) was performed with a compact 
tabletop SEM on uncoated crystals at 10 kV (Phenom Pro, Phenom World). All images of air pore 
lattices were digitally processed with the open-source Fiji image processing package (28) to obtain 
all statistical size and shape distributions. 
Fabricated sub-wavelength diffraction gratings were characterized at 1070 nm with a fiber 
laser. A linear polarizer was used to set the polarization to transversal electric (TE) with respect to 
the grating and a photodiode (PD300, OPHIR) was used to measure the power of the incoming, 
reflected, zero order and -1 diffracted order beams, respectively. Microstructured optical 
waveguides (MOWs) were characterized at 1310 nm and 1550 nm with laser diodes and linear 
polarizers, and the imaging of the MOWs output modes was performed on an InGaAs focal plane 
array camera with 640x512 pixels (Bobcat-640-GigE, Xenics). Free space light in- and out-
coupling from the MOWs was performed with 0.68 and 0.55 NA aspheric lenses respectively, 
which had anti-reflection coating (1050-1600nm) (C330TM-C, Thorlabs). 
Theoretical calculations and simulation methods 
The theoretical design of the sub-wavelength gratings was performed following the two-mode 
interference model developed by Clausnitzer et al. (24) for loss-less dielectric transmission 
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gratings. The effective refractive indices of the grating were numerically simulated using the finite 
element method (FEM) in COMSOL Multiphysics 4.2. Perfectly-matched-layers were applied 
outside the computed regions to obtain open boundaries. The refractive index dispersion and 
Sellmeier coefficients of undoped YAG from the UV to mid-IR ranges were taken from Zelmon 
et al. (29). Modelling of the YAG MOWs was also performed by the same FEM software and 
method. 
 
Supplementary Text 
3DLW nanolithography of YAG crystals 
Nanostructuring of transparent solids by means of laser techniques has been a topic of 
research for many decades. A relevant example has been the fabrication of embedded nanograting 
structures in glass, first demonstrated by Shimotsuma et al. (30). In this case, nanostructuring is 
achieved only along one axis and not in 3D (the modification has micrometer size in the other two 
axes). In addition, the structures are strictly periodical and therefore cannot be used for arbitrary 
3D nanostructuring. Possibly, the only technique hitherto capable of achieving fully arbitrary 3D 
nanostructures with ~100 nm features sizes is multiphoton polymerization (MPP) (7-12). In this 
technique, photosensitive resins are used as initial materials, and photopolymerization is typically 
induced by nonlinear absorption of focused femtosecond laser pulses (21). Translation of the 
sample along arbitrary trajectories allows the fabrication of complex structures by 3D laser writing 
(3DLW). The resulting 3D photonic structures are characteristically isolated in space, have 
micrometric size, need supporting walls and suffer from shrinkage and low damage threshold. In 
contrast to MPP, the technique presented here allows to directly nanostructure an optical crystal, 
maintaining the characteristic 3D spatial resolution and design freedom of 3DLW, while enabling 
the fabrication of large photonic structures that, being embedded in the volume of an optical 
crystal, can be easily coupled to other external or internal optical components. The laser irradiation 
procedure is equal to that in standard MPP, i.e. 3DLW, where tightly focused sub-picosecond laser 
pulses photo-modify the crystalline lattice at the nanoscale and within its volume, creating a single 
voxel of modified material which is the building block to write arbitrary 3D nanostructures.  
Previous works exploiting 3DLW in YAG crystals to achieve 3D photonic structures where 
based on the micro-explosion method (31) (i.e. optical breakdown) and resulting structures had 
excess stress, often cracked if the in-plane pore spacing was lower than 2 µm and had vanishing 
photonic properties due to the very low refractive index contrast between photo-modified and un-
irradiated volumes. The nonlinear photo-modification process in femtosecond-pulse 3DLW in 
YAG crystals has recently been assigned to a multiphoton ionization process corresponding to a 
five-photon absorption (32), which explains the nanometric resolution that is achieved in the 
present work. The creation of micrometric refractive index increased regions within YAG crystals 
by means of 3DLW below the optical breakdown regime and in absence of apparent amorphization 
has been demonstrated, which allows to fabricate step-index optical waveguide circuits embedded 
in the crystal (33). The fabrication of large microfluidic channels within YAG was also 
demonstrated by etching photo-modified YAG regions below the optical breakdown regime (34), 
and the enhancement in the crystal etching rate was tentatively assigned to the creation of distorted 
YAG lattice, by means of a micro-Raman study of the large modified volumes (34). 
In this work, the laser power dependence of the diameter of etched nanopores was studied for 
both linear and circular laser beam polarizations. Circular polarization was always used for 
fabrication of photonic structures (such as gratings or microstructured optical waveguides) since 
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that polarization state allows to reproducibly fabricate air pores in the nanoscale region below 200 
nm with close to circular cross-section, as well as because it decouples the laser scanning and 
electric field polarization directions. The laser power was measured before the focusing lens and 
the transparency of the lens at 1030 nm (45%) was taken into account to obtain an estimate of the 
laser power at the focus. Figure S1(A) shows the pore cross-sectional width and height dependence 
on laser power. Although for both polarizations pore widths of 120 nm can be produced, we found 
a surprisingly low height cross-section only for circular polarization. The aspect ratio of the pores, 
calculated as the height to width ratio, is shown in Fig. S1(B). As in standard MPP laser lithography 
(21), the cross-sectional aspect ratio for linear polarization is found to range between ~3.1 and 
~3.75. This aspect ratio is a known limitation in standard MPP lithography which implies that for 
obtaining symmetric lattices along the vertical and horizontal directions, a multiscan approach 
must be followed to thicken up the polymerized lines. This limitation implies that in practice the 
spatial resolution in standard MPP is reduced by a factor of ~3.5, given by the minimal line heights 
achievable. In contrast to this, as shown in Fig. S1(B), pores with aspect ratios close to 1 can be 
achieved in YAG, which allows to design photonic lattices with symmetric profiles in the 3D space 
with simultaneously spatial feature sizes in the 100 nm scale. 
Multiscan in 3DLW of solids, i.e. the possibility to write closely spaced features, requires that 
written features do not scatter light excessively. In the case here reported, material is not removed 
with the irradiation but a faint modification is performed that appears to not affect significantly 
subsequent irradiations. Fig. S2A shows an image of a partially etched pore obtained in bright-
field transmission microscopy. The un-etched region is barely visible with respect to the etched 
one, because in the former case the index change is very low as compared to that achieved in the 
etched portion, where, although of similar dimensions, the track is filled with air. Precise 3D pore 
overlapping capability has also been observed: in Fig. 1b for example, we show that different 
tracks can be overlapped with high precision along the in-depth writing direction. The etching of 
pores along arbitrary directions within the crystal was also studied to prove the 3D capability of 
the etching process. Figure S2B shows a 3D scheme of crossing pores at different relative depths 
and 90º angles. SEM pictures of perpendicular cuts (made by mechanical polishing) of equally 
crossing pores are shown in Fig. S2(C, D). These experiments were done at high laser power so 
that characteristic lobes, induced by spherical aberration to the focused laser beam, are transferred 
to the photo-modified and etched volumes and are thus visible in the figure. The observed surface 
roughness corresponds to sputtered silver nanoparticles created in the metal coating process before 
the SEM imaging. A close-up view of the inside of one of the slanted pores is shown in Fig. S2E, 
where a smooth inner surface of the pores can be observed, which may indicate that the roughness 
is below or equal to the resolution of the used SEM system (around 3 nm). Other air pore directions 
along horizontal and vertical axis are shown in Fig. S4. 
 
Wet etching of 3DLW nanostructures inside garnet crystals. 
Wet etching of garnets and other oxide crystals in hot phosphoric acid is well known since 
the 60’s, see for example (35). The chemical reaction which may explain the wet dissolution of 
YAG has not been reported in the literature. A possible reaction could be: 
Y3Al5O12 + 8 H3PO4 → 3YPO4 + 5 AlPO4 + 12 H2O 
At this stage, we do not know which exact mechanism produces the observed etching 
selectivity at the molecular level within photo-modified and pristine YAG. However, due to the 
fact that very dense pore lattices can be fabricated in absence of brittle fracture of samples (see 
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Fig. 2), we ascribe the ultrahigh etching selectivity between pristine and photo-modified regions 
to the creation of lattice defects at the laser ionized volumes in the absence of lattice phase changes 
to an amorphous YAG phase, which would entail crack propagation. 
Since other garnets than YAG are known to etch well in H3PO4 acid (35), we expect that the 
present lithographic technique could be valid also for them. The use of yttrium iron garnet (YIG) 
crystals would be particularly interesting in photonic applications due to its higher index than YAG 
(2.20 for YIG and 1.81 for YAG, at 1550 nm wavelength), as well as due to its well-known 
magneto-optical properties. Extension of the technique to other optical crystals such as sapphire 
was tested with similar ultra-high selectivity results (see below). 
 
Nanopores with mm-scale lengths. 
To achieve practical devices, nanophotonic lattices should have footprints from the 
micrometric to the cm scale. This implies that pores should have length to diameter ratios on the 
order of 105, a feature currently unachievable by any fabrication technique in brittle materials. 
We tested the etching of long pores on the sub-cm scale: long (3.1 mm along z reference axis) 
nanopores were fabricated with both facets polished so that wet etching could evolve from both 
sides. Pores had cross-sections of 368 x 726 nm2 and were separated by 10 µm so that they can be 
optically distinguished under microscope inspection. Figure S3(B) shows a composed microscope 
image of the etched pores after around 170 h. Pores were written with circular polarization and 
laser powers ranging from 6.5 to 7 mW. Figure S3(C) shows the SEM close-up of the etched 
nanopores. 
 
Nanopores with arbitrarily long lengths. 
The main limitation in the etching length of 3DLW lines is the difficulty in refreshing the 
exhausted acid inside the nanopores. When lattices need to have footprints beyond the mm scale, 
a strategy for etching arbitrarily long structures was developed profiting from the 3D capability of 
the lithography method: auxiliary vertical etching pores (VEPs) were designed and successfully 
implemented to provide additional access points for the acid beside the end facets, or even without 
them. This approach allows to fabricate complex 3D nanostructures with arbitrary lengths. Figure 
S4(A) shows a 3D sketch of such VEPs in red as implemented for etching out infinitely long MOW 
structures. This scheme was exploited to fabricate all MOWs and large gratings. Figure S4(B) 
shows the SEM image of a polished MOW which partially reveals a VEPs structure cut through. 
A top optical view of an array of 8 mm long MOWs where VEPs were evenly distributed every 
80 µm is shown in Fig. S4(C). This etching architecture allows to etch nanostructures evenly at all 
required points and also shows the 3D capability of the 3D nanolithography technique. 
 
Microstructured optical waveguides (MOWs) in YAG crystals. 
The theoretical properties of fabricated MOWs were evaluated through FEM computation. 
The effective indices of the fundamental modes of all MOWs were computed from the UV region 
(250 nm) to the mid-IR (5500nm). From this data the wavelength dependent dispersion parameter 
of the MOWs was evaluated, obtaining similar results to those observed in microstructured optical 
fibers (MOFs) and photonic crystal fibers (PCFs) made of glass. The appearance of two zero-
dispersion wavelengths for MOWs with micron and sub-micron lattice parameters is found to be 
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a characteristic of these waveguides (see Fig. S6), which could prove useful in supercontinuum 
coherent light generation with standard 1-µm wavelength pump lasers. 
The transmission properties of MOWs were characterized experimentally with free space optics 
in the near-IR range. A variety of different MOWs with in plane lattice spacings of 500-700 nm 
and different cavity sizes were also characterized. Almost all of them supported guided modes at 
both 1310 nm and 1550 nm wavelengths, as shown in Fig. S5, for TM vertical polarization. The 
guided modes are wavelength to sub-wavelength in FWHM size, beyond the resolution limit of 
the used imaging system that was limited by the numerical aperture of the used lens (NA=0.55). 
This resolution was experimentally characterized at 1.55 µm wavelength with a resolution target, 
to be of around 358 lp/mm, that is, capable of resolving features no smaller than ~1.4 µm. We 
believe that for this reason, all the measured modes have apparently similar FWHMs, even though 
simulations of mode size (see Fig. 3d) predict sub-wavelength size. Finally, we note that all 
damaged regions in Fig. S5(C-E) were due to mechanical polishing of the crystal and were only 
superficial. 
The losses of the 3DLW fabricated MOWs featuring mode sizes on the sub-wavelength scale, were 
measured to have values on the dB/mm level. For the case of the highly confining waveguide with 
a sub-wavelength mode shown in Fig. 3c, which has a calculated mode FWHM of ~0.6λ at 1.55 
µm wavelength, we measured an insertion loss of 36 dB in the used free-space coupling setup. We 
calculate a loss of ~7 dB due to mode mismatch on each facet between the waveguide mode and 
the free space focused spot (0.55 NA lenses). We also estimate ~0.3 dB due to reflection losses on 
each facet, plus losses due to misalignments between the waveguides and the lenses axes, which 
we are not able to estimate precisely. All these contributions sum up to a minimum of coupling 
losses of ~15 dB. This yielding an upper limit for propagation losses of ~21 dB for a 4 mm long 
waveguide, i.e. a propagation loss of ~5 dB/mm. The measured losses could probably be 
substantially improved by engineering the waveguide cladding microstructure design and the pore 
cross-section, both factors influencing effective index contrast and field exposure to scattering 
surfaces. And additionally, by optimizing thermal annealing treatments, modifying the 3DLW 
parameters such as pulse repetition rate and duration, and the wet etching solution. Moreover, 
utilizing the 3DLW capability for 3D design prototyping, coupling losses could be greatly reduced 
by designing mode tapers that adiabatically increase the mode size to match that of commercial 
fibers. 
 
Nanopore fabrication in sapphire crystals 
Laser structuring of sapphire crystals has been a subject of research since more than a decade 
now. Important seminal work was done by Juodkazis et al (19), which demonstrated the creation 
of microfluidic channels. To evaluate if the observed giant nanopore etching selectivity is not 
restricted to the case of YAG, but it is a phenomenon that can also manifest itself in other types of 
crystals, we performed preliminary nanostructuring experiments in sapphire. 
Under the same 3DLW conditions as in YAG and circular laser polarization, nanopores of 
~200 nm cross-section and mm-scale lengths were observed to form in c-axis cut sapphire 
substrates (sere Fig. S7). Nanopores were observed to form from a minimum laser power threshold 
of ~4 mW (significantly lower than the observed threshold for YAG of ~7 mW; see Fig. S1A), for 
which an average width of 121 nm ±12 nm and height of 135 nm ±21 nm was measured, 
confirming than 3D nanolithography at the 100 level can also be achieved in sapphire (see Fig. 
S7C). 
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In contrast with YAG, in sapphire the appearance of multiple pores along the writing direction 
was observed, which we ascribe to birefringence-induced focus splitting in sapphire in contrast to 
the case of YAG for which this aberration is absent due to its index isotropy. Birefringence-induced 
focus splitting in 3DLW of crystals has been previously studied, and occurs when focusing is 
performed at high numerical aperture along the optical c-axis of the birefringent crystal (36). We 
also disregard a self-focusing mechanism being at the origin of the observed focus splitting, due 
to the low pulse peak powers used in this technique (~5x10-2 MW) in comparison with the critical 
self-focusing power of ~3 MW for sapphire (Pcr=0.15λ2/n·n2, with n ~1.74 and n2 ~3x10-16 cm2/W). 
To etch laser-written sapphire crystals, both H3PO4 and HF acid solutions were tested and 
only the latter produced observable etching of pores. The etching rate of nanopores was observed 
to be maximal for pores written at ~10 mW, for which an etching rate of 78.8 ±0.7 µm/h was 
measured during the first hour of etching. The etching rate of un-modified sapphire was determined 
by measuring the difference in width and height of different pores etched for 40 hours, and 
determined to be of <1 nm/h (0.34 ±0.25 nm/h) in average. These different etching rates yield a 
selectivity of ~105 (2.3 ±1.7 x105), similar to that found for nanopores in YAG (3.6 ±2.5 x105), 
and more than one order of magnitude larger than that previously observed for etching amorphous 
microchannels in sapphire (19). 
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Fig. S1. Evolution of pore size and cross-sectional aspect ratio as a function of laser power 
for linear and circular polarizations. 
(A) Power dependence of pore widths (in red) and heights (in blue) for linear (LP) and circular 
(CP) polarizations, measured from pores etched for 1h. (B) Dependence of cross-sectional pore 
aspect ratio (height divided by width) for linear and circular polarizations. 
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Fig. S2. Etching of criss-crossing nanopores. 
(A) The large index contrast between etched and un-etched pores is depicted in a raw bright-field 
transmission image. (B) 3D sketch of 90º crossing pores at different vertical offset positions. (C-
D) SEM pictures of crossing pores at 90º and different crossing heights. Ag sputtered nanoparticles 
are also visible on the main surface. (E) Close-up view of the inner smooth surface of a pore. 
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Fig. S3. Etching of nanopores along mm to cm scale lengths. 
(A) Optical microscope side view of etched pores. (B) Optical microscope top view of etched 
nanopores. (C) SEM side view of etched nanopores. 
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Fig. S4. Achieving infinitely long and homogeneously etched nanopore lattices by means of 
3D-connecting etching pores. 
(A) 3D sketch of the vertical etching channels architecture for etching MOWs. (B) SEM of a 
polished cut through a MOW partially revealing 3D etching pores. (C) Microscope top view of an 
etched array of MOWs with vertical etching channels every 80 µm. 
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Fig. S5. Optical characterization of output modes of different MOWs with 4 mm length. 
(A) and (B) MOWs with different cavity size and in plane spacing of 700 nm. (C) and (D) MOWs 
with wavelength-size cavity and in-plane spacing of 500 nm. (E) and (F) MOWs with sub-
wavelength cavity size and in-plane spacing of 500 nm. All images are normalized to the color 
scale shown and correspond to vertical TM polarization. Broken facets of the MOWs are due to 
mechanical polishing of the crystal and are only superficial. 
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Fig. S6. Dispersion control of 3DLW MOWs (microstructured optical waveguides). 
(A) Calculated wavelength-dependent dispersion of two different MOWs with horizontal lattice 
spacings of 500 nm (red) and 1 µm (blue). The dispersion of bulk YAG crystals is also shown. The 
hexagonal lattice MOW (red) has two zero dispersion wavelengths (ZDW) at 933 nm and 1509 
nm. The orthogonal lattice MOW (blue) also has two ZDWs at 1164 nm and 4330 nm. (B) SEM 
images of fabricated MOWs corresponding to calculated dispersion curves in (A). 
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Fig. S7. Etching of mm-long nanopores in Sapphire. (A) Dark field image of three arrays of 1-
mm long pores after 170h of total etching time. Pores on each array were written at ~10 mW and 
at depths ranging from 4 to 30 µm. (B) Example of pores written at medium power (9.4 mW) and 
29 µm depth, after 30 min etching. Birefringence-induced focal splitting results in multiple pores 
along the (top to bottom) in-depth focusing direction. The four main (top) pores have an average 
width of 197 nm ±12 nm and height of 227 nm ±9 nm. The two observed second pores have an 
average width of 154 nm ±5 nm and a height of 164 nm ±7 nm. (C) Example of two pores written 
at 24 µm depth and at the photo-modification power threshold (~4 mW) for which no secondary 
pores are observed. The pores have an average width of 121 nm ±12 nm and height of 135 nm ±21 
nm. 
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